INTRODUCTION
============

Music-making, and movement to music, are activities central to ritual, courtship, identity, and human expression cross-culturally. Based on this ubiquity, it is argued that music has played an important role during our evolutionary history ([@B32]; [@B71]; [@B115]; [@B47]; although see, [@B142] for an alternative perspective).Whilst sexual selection and courtship are proposed as partial explanations for the widespread appreciation and aptitude for music ([@B15]; [@B120]; [@B126] for a critique), there are other suggestions regarding its positive role for human societies. In this review we focus on the fact that in almost all cultures globally, and throughout history, music is a social activity ([@B130], [@B131]) that involves movement to rhythmic sound and plays a significant role both in creating social bonds ([@B149]; [@B118]; [@B55]; [@B43]) and indicating coalition strength ([@B66]). This effect of musical activity on "social bonding" (the psychological experience of increased social closeness, reflected in prosocial behaviors) may be responsible for the widespread occurrence of musical activities and may have played an important role in the evolution of human sociality ([@B46],[@B47]).

While there has been much interest in the relationship between music and social bonding, there is as yet no consensus about the mechanisms by which this might occur. Many aspects of music-making which make people feel socially close are not specific to music-based activities, such as sharing attention with co-actors (e.g., [@B145]), working toward similar goals (e.g., [@B162]), and experiencing a sense of positivity after successful co-engagement (e.g., [@B76]). An important feature that distinguishes musical activities from other social behavior is the importance of shared rhythms, and the externalization of predictable rhythms that allow synchronization to occur between two or more people (e.g., [@B9]; [@B121]). Furthermore, people attribute movement and human agency to musical sound (e.g., [@B32]), which influences how synchronization occurs ([@B99], [@B100]) as well as impacting upon affective experience (e.g., [@B57]). Here we focus on two proposed mechanisms of social bonding: self-other merging as a consequence of interpersonal synchrony, and the release of endorphins during synchronized exertive movements. We bring together evidence that both pathways from music-making to social bonding are relevant, highlight connections between the two, and suggest that both should be included in any account of how people form and maintain social bonds through music-making.

Firstly, performing movements simultaneously with someone else, (i.e., synchronizing), is believed to cause some blurring of self and other via neural pathways that code for both action and perception ([@B138]). Secondly, it has been argued that group music-making leads to social bonding due to the release of neurohormones, specifically oxytocin (e.g., [@B55]; [@B71]; [@B63]). The oxytocin account relies on its action as a social neurohormone in a range of mammals (e.g., [@B75]), and the suggestion that music-making (which involves sensory overload, physical activity, strong emotional arousal and social behavior) is particularly conducive to oxytocin release (e.g., [@B55]). Whilst elevated oxytocin levels has been linked to increased trust ([@B93]; [@B170]), eye contact ([@B65]), face memory ([@B151]), generosity ([@B171]), empathy and the ability to infer the mental state of others ([@B41]), the causal link between music-related physical experience and oxytocin described by Freeman is tenuous. Here we review the evidence that the endogenous opioid system (EOS), and particularly endorphins, play a central role in the maintenance of non-sexual, non-kinship social bonds ([@B107]) that are characteristic of group musical activities. Given that endorphins are argued to mediate the pleasure experienced when listening to music (e.g., [@B72]; [@B88]) and recent evidence demonstrates that endorphins are released during synchronized and exertive activity ([@B30]; [@B158]; [@B159]), we argue that this particular peptide is an important candidate for the neurohormonal underpinnings of social bonding during group musical activities.

To begin, we will explore the evidence linking synchronization and social bonding, and subsequently the particular role of self-other merging, which may occur via shared neural pathways for action and perception. Following this we review evidence of the EOS's role in social bonding, and discuss the case for this mechanism in musical activities. Finally we highlight the importance of using ecologically valid musical contexts in future investigation into the possible relationship between the two mechanisms that underpin the relationship between music and social bonding.

SYNCHRONIZATION AND SOCIAL BONDING
==================================

Synchronization is often cited as an important mechanism by which social bonding can occur ([@B69]; [@B169]; [@B164]; [@B99]). This proposition builds in part on an identified relationship between mimicry (i.e., making a similar movement to another individual) and positive social behavior, such as self-reported rapport between two individuals (e.g., [@B96]; [@B95]). Mimicry improves rapport between people ([@B23]; [@B98]), which in turn influences the amount of mimicry that people perform ([@B165]; [@B157]), thereby causing a positive feedback loop in which people can become increasingly socially close to one another through making similar movements, and more inclined to continue making similar movements once social closeness is established. Synchrony, like mimicry, involves simultaneous movements with another individual, with the additional element of rhythmically matched timing, which requires the prediction of movements of co-actors. Consequently, synchronization is likely to have similar or more pronounced effects on social bonding than mimicry.

People tend to spontaneously and unintentionally synchronize movements with one another, even to some extent when instructed not to do so ([@B77]; [@B136]; [@B167]). Those with pro-social tendencies exhibit more spontaneous synchronization than those with pro-self tendencies ([@B106]), and the desirability of a partner can influence whether synchrony occurs ([@B123], [@B124]), suggesting that this is a social behavior, rather than an automatic motor process. Perception of synchrony is also interpreted as a signal of rapport for both basic sounds (e.g., sound of people walking together: [@B125]; [@B97]), and more complex musical stimuli ([@B66]).

More importantly, there is evidence that synchronization between people can influence their subsequent positive social feelings toward one another. This has been demonstrated in a number of experimental studies, involving participants tapping synchronously with an experimenter ([@B69]; [@B164]), walking in time with other people ([@B169]; [@B168]), dancing together ([@B144]), and even when people have no visual access to one another but are synchronizing with the sounds of another person ([@B91]; [@B100]).

The likely importance of social bonding via synchrony in *music*-based activities draws on the observation that beyond a tendency to synchronize with one another, humans have a culturally ubiquitous aptitude for entrainment to rhythmic beats ([@B28]; [@B16]), particularly those embedded in music (e.g., [@B37]). However, the source and context associated with those rhythms are paramount. For example, [@B85] demonstrated that children's synchronization with a beat is improved in the presence of a person compared to when interacting solely with an isochronously beating drum. This suggests that from a young age, the awareness of agency related to perceived sound (and belief that the sound is produced by the intentional movements of another person) encourages synchronization with that sound, thereby likely influencing the social bonding effects of musical activities. Agent-driven sounds, and the associated perception of movement of another person, engage motor regions in the listener's brain, potentially resulting in "self-other merging," which has been argued to arise when individuals experience their movement simultaneously with another's.

SELF-OTHER MERGING AND SOCIAL BONDING
=====================================

When moving at the same time as others we experience some co-activation of neural networks that relate to movement of self (as action), and other (as perception; e.g., [@B138]). There is much recent research investigating the relationship between perception and action ([@B18]; [@B51]; [@B147]; [@B19]), which has identified "mirror neurons" in macaques ([@B59]; [@B148]) that selectively respond to the macaque's own movement and perception of the goal-directed movement of others. While there is no evidence for neurons with equivalent selectivity in humans ([@B68]), this research led to much interest into how perception of goal-directed movement can engage regions of the brain related to making similar movements ([@B147]). Importantly it is now well recognized that perceiving the actions of another person can lead to activation of the same neural motor networks involved in making those actions oneself (e.g., [@B52]).

When our own actions match those of another's, it is possible that the intrinsic and extrinsic engagement of neural action-perception networks make it difficult to distinguish between self and perceived other, thus creating at least a transient bond between the two ([@B36]; [@B153]; [@B155]; [@B86]; [@B111]; [@B138]). A well replicated experimental example of this is the rubber hand illusion ([@B13]). In this paradigm, a participant's arm is hidden from sight, and a replacement rubber arm is visible where their own arm is expected. While they view the rubber hand being touched with a paintbrush, their own (hidden) hand is simultaneously touched with a paintbrush, with synchronized strokes. This matching of visual and tactile input leads to an increased subjective sense that the rubber hand is part of the participant's body. The effect disappears when the two inputs are not synchronized. This provides evidence that self-other blurring is possible even with an inanimate object, and some aspects of this are likely to apply to human--human synchronized interaction. Indeed, behavioral synchrony has also been demonstrated to induce common neural signatures between interacting agents ([@B137]; [@B161]; [@B105]; [@B42]). However, evidence for common neural signatures during synchronization should be interpreted with caution, as it can only indicate that similar cortical networks are involved in making the same movements for different people.

Researchers who argue that self-other merging is an important part of the bonding effects of synchronization primarily draw support from dyadic experiments in which participants' actions are perceived to occur at the same time as one another. Theoretically, dyads are capable of achieving synchrony with relative ease simply because there is only one other person to keep track of. As such, synchrony is reasonably attainable, and associated self-other merging (and bonding) effects are likely to be achieved fairly easily.

Musical activities, on the other hand, are not limited to one-on-one interactions, and have historically involved groups ([@B130], [@B131]). With large numbers of people, it is difficult to simultaneously observe the movements of all the other participants, making self-other merging a less likely prospect. Rhythm provides an external, predictable scaffolding that can facilitate synchrony with both the music, and by extension, aids synchrony between individuals engaging in the same musical experience. A recent experiment involved people rocking on rocking chairs with one another, while music played in the room or did not ([@B37]). While self-reported rapport between co-actors correlated with synchronization achieved with the *music*, rapport did not correlate with synchronization that occurred between co-actors. This implies that externalizing the target of synchrony (e.g., to music) allows bonding with other people present, in the absence of explicit synchrony between those people. This finding has important implications given that group musical activities often involve non-identical movements between people (making self-other merging an unlikely prospect).

Given that the self-other merging account of social bonding relies on simultaneous, similar movements, it is likely that this mechanism does not provide a complete account for the bonding that arises in large group situations. Additional mechanisms need to be considered, in particular mechanisms that underpin the social bonding associated with musical activities. One likely mechanism involves the EOS, and particularly endorphins, which are released through synchronous and exertive activities, and during passive engagement with music, and play a central role in social bonding among primate species (e.g., [@B84]).

ENDORPHINS AND SOCIAL BONDING
=============================

Investigation into the neuropeptide underpinnings of social bonding have implicated neurohormonal cascades involving oxytocin and vasopressin (e.g., [@B20]), dopamine and serotonin (e.g., [@B38]), and endorphins released by the EOS ([@B33]; [@B45]). Recently, oxytocin has been promoted as *the* social neurohormone ([@B4]; [@B122]), largely due to evidence from pair-bonding and mother-infant bonding (e.g., [@B2]; [@B53]). However, despite apparent interactions between opioids (specifically endorphins) in the bonding activity of oxytocin (e.g., [@B38]), and evidence of the EOS's role in primate pair-bonding ([@B143]), maternal care ([@B112]), as well as empirical evidence that increased opioid levels are associated with social grooming and affiliative behaviors in non-sexual, non-kin related conspecifics ([@B84]; [@B152]; [@B113]), the role of the EOS in social bonding remains relatively underexplored, possibly due to the difficulties in measuring endorphin titres directly ([@B35]).

The EOS consists of opioid receptors and associated ligands distributed throughout the central nervous system and peripheral tissues, such as the nucleus accumbens ([@B54]; [@B163]). The EOS is central in opioid-mediated reward ([@B92]; [@B135]; [@B31]), social motivation ([@B24]), and pleasure and pain perception ([@B79]; [@B101]). Elevated opioid levels are correlated with feelings of euphoria ([@B12]), and [@B90] report activation of general opioid receptors in the hippocampus and amygdala in response to positive affect. Deactivation of certain opioid receptor sites has been associated with negative affect ([@B173]).

The possible role of the EOS in social bonding is formalized in the brain opioid theory of social attachment (BOTSA). BOTSA is based on evidence of behavioral and emotional similarities between those in intense relationships, and those addicted to narcotics ([@B74]). Furthermore, endogenous opioids, particularly endorphins, are related to social bonding in many non-human animals such as rhesus macaques ([@B152]; [@B64]), other monkeys ([@B84]; [@B113]; [@B143]), voles ([@B146]), puppies, rats and chicks ([@B140]), and mammals generally ([@B14]). Given the role of endorphins in bonding in other species, it is plausible that the EOS may also underpin human social bonds ([@B114]; [@B127]; [@B38]; [@B45]).

Opioids are released in response to low levels of muscular and psychological stress ([@B70]), for example during exercise ([@B67]). Positron emission tomography (PET) scans have confirmed the euphoric state that follows exercise (termed "runner's high") is due to endogenous opioids ([@B12]). Further to the effect on mood, opioids have an analgesic effect ([@B166]), and much evidence suggests that endorphins are central in the pain management system ([@B34]; [@B6]; [@B174]; [@B54]; [@B11]; [@B40]; [@B128]). Given that direct measures of endogenous opioids are costly and invasive ([@B35]), pain threshold is a commonly used proxy measure of endorphin release, and this has been operationalised using the length of time holding a hand in ice water ([@B48],[@B49]), a ski exercise (maintaining a squat position with legs at right angles: [@B48]), an electrocutaneous simulator ([@B78]), pressure produced using a blood pressure cuff ([@B29]; [@B30]; [@B48],[@B49]), and the amount of pain medication requested by patients ([@B172]).

According to pain threshold assays, various exertive human social bonding activities, such as laughter ([@B39]; [@B48]), group synchronized sport ([@B30]; [@B158]), and singing and dance ([@B49]), trigger endorphin release. Specifically, *synchronized* exertive activity (such as rowing) elevates pain thresholds significantly more than non-synchronized exertion ([@B158]; [@B159]), suggesting that rhythmic, music-based activities may similarly facilitate endorphin release.

ENDORPHINS AND MUSIC
====================

Based on the association between exertion and endorphin release, a number of studies have investigated the effect of active engagement in musical activities (i.e., involving overt movement) and the EOS (see **Table [1](#T1){ref-type="table"}**). For example, sufficiently vigorous singing, dancing, and drumming trigger a significantly larger increase in pain threshold and positive affect compared to listening to music and engaging in low energy musical activities ([@B49]). In a recent set of studies, exercise machines were linked to musical output software such that individuals "created" music as they exerted themselves ([@B57],[@B58]). These experiments demonstrated that when movement (during group exercise) results in musical feedback, participants perceived exertion to be lower ([@B58]), reported enhanced mood, and felt a greater desire to exert themselves further ([@B57]), in comparison to when they were exercising whilst listening (passively) to independently provided music. As such, perception of agency in a musical setting is associated with greater endorphin activation and may therefore lead to greater effects in terms of mood and ability to withstand strenuous exercise.

###### 

Summary of studies providing evidence for the role of EOS in music-related activities.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                                    Passive listening                                                                                                Active engagement
  --------------------------------- ---------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------
  Pain threshold, pain management   Post-operative pain: [@B87], [@B1], [@B62], [@B102], [@B134], [@B133]), [@B132], [@B7] for a review see [@B21]   Singing, drumming, dance: [@B49]

  Brain activation regions          EOS, pleasure, and reward circuits: [@B10], [@B156], [@B119]\                                                    
                                    Nucleus accumbens and pleasure states: [@B89]                                                                    

  Emotions and mood                 Techno-music: [@B60]\                                                                                            Increased positive affect: [@B49]\
                                    Emotional effects of music: [@B88]\                                                                              Enhanced mood: [@B57]
                                    Positive affect: [@B72]                                                                                          

  Health                            Lower blood pressure and relaxation: [@B26], [@B156]\                                                            
                                    Anxiolytic music: [@B117]                                                                                        

  Other                             Musical "thrills": [@B61], [@B139], [@B119]                                                                      Perception of exertion and desire to exert oneself: [@B58]
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

However, activation of the EOS through music is not limited exclusively to situations involving exertion (see **Table [1](#T1){ref-type="table"}**). Listening to music reportedly helps to manage pre-operative hypertension and psychological stress ([@B1]), reduces sedative requirements during spinal anesthesia ([@B102]) and other surgical procedures ([@B87]), decreases perception of pain ([@B62]; [@B133]) thereby diminishing the need for opioid agonists following operative care ([@B21]; [@B7]), and improves post-operative recovery ([@B134]). Many of the experiments in this area directly attribute these results to the EOS, and given the strong role of opioid receptor activation in analgesia ([@B101]), the body of work linking music and pain may generally be considered convincing evidence of the role of opioid activation.

Positron emission tomography (PET) and functional magnetic resonance imaging (fMRI) research also provide evidence that passive listening to music activates the EOS and brain areas associated with pleasure and reward ([@B10]; [@B156]). For example, recent evidence that music listening is associated with activation in areas such as the nucleus accumbens ([@B17]; [@B119]; [@B89]), the high number of opioid receptors in this region ([@B54]; [@B163]) and the role of opioids in mood and pleasure states ([@B8]) provide support for the theory that the EOS is involved in music listening.

The importance of the EOS in regulating affective experiences in response to music ([@B173]) is further supported by evidence linking music induced "thrills" to endorphin activation ([@B61]), and the EOS's association with reward circuits ([@B119]). In addition, the sense of elation that arises when engaging in musical activities has been attributed to endorphin release ([@B26]; [@B72]; [@B44]). Calming music is thought to act via the EOS by buffering the effect of stressful events (see [@B117] for a review), and relaxation following music listening is also linked to the EOS ([@B156]). [@B60] report that listening to techno-music significantly changes emotional states (and increases beta-endorphin levels), due to its strong rhythmic beat and engagement of motor regions of the brain. Activation of the EOS, and its role in various affective, calming and analgesic effects, is therefore evident in cases of passive music listening, although a systematic investigation of this effect is still lacking.

It is important to note that there is also some evidence indicating that neurohormones other than endorphins are involved during music-based activities (e.g., [@B63]; [@B3]; [@B22]). In a recent review, [@B22] highlight evidence suggesting that stress and arousal effects associated with music-based activities can be linked to cortisol, corticotrophin-releasing hormone and adrenocorticotropic hormone (e.g., [@B116]; [@B60]). Various immunity benefits of music have been attributed to, *inter alia*, cortisol (e.g., [@B5]; [@B94]), cytokinin (e.g., [@B156]), and growth hormones (e.g., [@B60]). Finally, dopamine is key in reward and motivation circuits during musical activities (e.g., [@B150]), which are likely to interact synergistically with the EOS in mediating the pleasure states associated with music ([@B22]). While we argue for further investigation of the EOS as a potential mediator of the positive social effects of musical engagement, it may be difficult to separate out the role of this hormone from other neurochemicals involved in these experiences.

As indicated by the evidence reviewed above, the way that we experience music, whether during passive listening or active engagement, appears to involve the EOS, and endorphins specifically. In the following section we discuss how both self-other merging and the EOS mechanisms might underpin our musical experiences.

FROM MUSIC TO SOCIAL BONDING
============================

Both self-other merging and the EOS help explain the subjective experience of social bonding that can arise during musical activities, as illustrated by **Figure [1](#F1){ref-type="fig"}**. However, as these two mechanisms have thus far been independently investigated, the interplay between them remains unclear.

![**Schematic diagram illustrating possible direction of causality, and relationship between, mechanisms behind the social bonding effects of music**.](fpsyg-05-01096-g001){#F1}

As mentioned previously, dyads are capable of achieving synchrony with relative ease (even without music), while in larger groups, synchrony is facilitated via rhythmic scaffolding. Additionally, as music encourages movement ([@B80]; [@B108]; [@B109]; [@B81]) by engaging motor regions of the brain ([@B103]), we might expect engagement with musical sounds to be more exertive than with non-musical sounds. The combination of larger movements and the externalization of the target of synchrony likely facilitates synchronization.

Exertive movements cause affiliative sentiments and behaviors (e.g., [@B129]), have effects on mood and emotion (e.g., [@B83]), and, in combination with synchrony, can elevate pain thresholds (e.g., [@B30]). These phenomena are all strongly associated with the EOS (e.g., [@B40]). Accordingly, we propose that self-other matching and activation of the EOS are interconnected in explaining the bonding effects that arise during active engagement in group music-based activities, with a possibility that the EOS underpins the psychological experience of self-other merging.

In terms of passive listening to music, the literature reviewed here suggests that the EOS is likely to play a role also in the absence of explicit movement and self-other merging during synchrony. Dynamic attending theory (e.g., [@B82]) suggests that through monitoring of events occurring with predictable temporal patterns we can become entrained to those events. This rhythmic predictability has been suggested to play a key role in the pleasure experienced when listening to music, which may be mediated by the release of endorphins ([@B72]; [@B110]). The effect of tempo on arousal ([@B73]) and the strong ability for music to alter mood ([@B160]) and motivational states ([@B56]) are both congruous with evidence that EOS activation occurs in the brain when listening and entraining to music ([@B10]; [@B156]; [@B119]). [@B154] demonstrate that movement and music are processed cross-modally, as are the emotions expressed through movement and music. Elements of music significantly affect various dimensions of imagery relating to motion ([@B50]), and listening to music may itself induce thoughts about movement, whether conscious or subconscious ([@B25]; [@B104]; [@B27]). Through activation of motor regions of the brain during music listening ([@B103]), passive engagement with music likely triggers the same neural pathways involved in active engagement (i.e. movement) to music, including pathways implicating the EOS. This activity in motor regions of the brain during music perception is likely to underlie the self-reported experience of "embodied movement" even when listening and not moving to music (e.g., [@B141]).

CONCLUSION
==========

While most accounts of the relationship between music and social bonding have focused separately on self-other merging via synchrony or neurohormonal mechanisms, here we suggest that associations between the two need to be considered, especially when assessing large-scale musical activities. Future work should be directed toward ecologically valid musical experiences involving groups of people interacting with one another rather than dyadic interaction, exertive movements rather than small movements, and movements that are temporally co-ordinated rather than synchronized *per se*. Using these forms of musical activity it will become possible to explore the relative importance of self-other matching and EOS in music-based activities (including passive listening). Given that humans have significantly larger and more complex social networks than our primate cousins, research in this field will elucidate the means by which our species has the capacity to bond with large groups of conspecifics at the same time. It is likely that some combination of endorphin release and self-other merging lead to the social bonding effects of music, although the relationship between the two mechanisms remains to be sufficiently explored.
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